In this paper, a high-precision digital rotary encoder based on dot-matrix gratings (DMGs) is proposed for detecting shaft rotation. The DMG-based encoder is composed of a laser diode, a beam-shaping lens, a code disc, and a detector. In principle, a shaped rectangular beam illuminates a stripe of DMGs on the disc, and from the distribution of diffractive spots on the detector, the position of rotation is then decoded. Compared with a conventional geometric rotary encoder, this diffractive rotary encoder can achieve a fourfold resolution improvement.
Introduction
Rotary encoders are angular measuring devices that are used in many industrial applications, such as for the measurement of the velocity and position of a rotary motor or the detection of the steering angle in vehicles [1] . Whether incremental or absolute, they track the rotation of motor shafts to provide digital motion and rotation information. Among conventional encoders, the optical type has been commonly used for servo motors because of its high resolution capabilities and ease of signal processing.
A conventional optical rotary encoder comprises a rotatable scale, a code disc composed of glass or plastic with transparent and opaque areas, a fixed scale, a light source to illuminate the code disc, and a photodetector array to identify position change as light passes through the patterned disc [2] . This method is based on geometrical optics and is adequate for coarse resolution systems. However, as the method is applied to higher resolutions, the pattern on the disc must be further narrowed, which ultimately induces diffraction effects and limits the achievable resolution. A partial solution is to move the fixed scale closer to the rotatable disc to reduce the effects of diffraction increasing with increasing optical path length, at the cost of expensive tight mechanical tolerances [3] .
To meet the increasing demand for high resolution, an increasing number of diffractive optical encoders have been proposed. Some are grating interference type encoders that determine variations in the position and velocity of the shaft by detecting interference fringes [4] - [8] . Lin used a high-density grating to steer the beam direction and measured the Doppler phase shift of a moving object to determine the object's velocity [4] . Koji used a half-silvered mirror to mix light beams from a coherent source. The beams are reflected and diffracted by the encode scale to generate interference fringes, which are related to the position of the encode scale [5] . Lee proposed a diffractive laser encoder that allows for high alignment tolerance by taking advantage of the preservation of parallelism between the incident and the diffracted beams, which can be attributed to a built-in folded telescope and a grating [6] . Huang presented a simple system based on polarization interference optics and angular errors that can simultaneously measure the motion errors in three degrees of freedom of a single-axis linear moving platform [7] . To reduce the system's size, Ko adopted an optical pickup scheme to generate an incident beam on a moving grating and generate interference fringes simultaneously [8] . These previously presented optical encoders, however, are based on high contrast of interference fringes and rely on precise assembly of many devices, which significantly limit its achievable resolution. The bulky nature and consequently high packaging cost of these encoders prevent their use in some applications [9] .
To further reduce the complexity of assembly and cost, Mayer used a pickup-based scheme and a DVD-like code disc to generate a number of first-order spots, which were spatially separated spots, not interference fringes, and can be directly detected by a photodiode array [10] . Thus, a diffractive coding principle, which is based on a pattern of diffractive gratings, must be introduced.
In this paper, we introduce an alternative method, the dot-matrix grating (DMG) encoder, which can detect the rotation angle of a shaft. The main concept is derived from work by Mayer [10] and Hopp [11] and work on dot-matrix holograms [12] , [13] , but is generalized and verified through various experiments here. The DMG encoder shows many features of the aforementioned methods: being noncontact and offering high-resolution, high-speed detection; robust measurement; and a combination of subdivision and absolute diffractive encodings. This paper presents both the implementation and a characterization based on experimental results. Fig. 1(a) shows the optical path of the laser beam in the encoder. The diffractive coding occurs through the interaction of a uniform rectangular spot with DMGs on the code disc (see Fig. 1(b) . The beam propagates from a laser diode; is focused and shaped by an aspheric lens and a cylinder lens (or a singlet, which has a front aspheric surface and a back cylindrical concave surface) into a rectangular spot; and is then reflected by the DMGs on the front side of the disc. The beam is diffracted by the DMGs and reflected into the first and higher orders of diffraction. The deflection angles and directions depend on the wavelength of the laser beam and the constant and orientation of each DMG. To avoid overlapping, the range of the first order from all DMGs is designed to be separated from the range of the zeroth and higher orders of diffraction. The photodetector is composed of 28 photodiodes and placed at the corresponding diffraction angles of the first order.
Design and Simulations

Optical Path of a DMG Encoder
Gray Codes Along the Radial Direction
In the Hopp's work [11] , gray code is employed to encoding the diffractive elements, in which one diffractive element is consisted of four grating tracks and only one grating pitch differs in the adjacent elements. Each diffractive element is for an absolute position. If there are m grating pitches in each grating track, the absolute angular resolution A can be
If the tangential width of one diffractive element is 40 μm, in which each grating tangential width is 10 μm, each absolute code represents the angular resolution of 0.088 ࢪ for a disc with a diameter of 56 mm. To further improve the angular resolution, the grating tangential width needs to be reduced, which, however, will seriously lessen the intensity for subdivision use. To overcome this limit, the gray codes are layout in the radial direction instead of the tangential direction in this work. The code disc also consists of angular segments on the entire circumference. Each angular segment is a stripe of nine DMGs. As illustrated in Fig. 2 , seven of the nine DMGs in a strip are used for composing absolute codes, while the remaining two are for subdivision codes. Since subdivision needs higher power for multi-division, the DMGs for subdivision codes are arranged in the middle of the stripe, which corresponds to the higher radiation portion of the incident spot. Gray code is also employed to encoding the diffractive stripes, in which only one of the seven DMGs for absolute codes differs in the adjacent two diffractive stripes. As listed in Table 1 , the 32 DMGs are marked by letters and numbers for absolute and subdivision encoding, which correspond with 32 photodiodes on the photodetector.
In operation, a long rectangular spot illuminates a strip of DMGs on the code disc. Theoretically, these stripes can provide as many as 16,384 angular positions. For a disc with a diameter of 56 mm, the width of each grating strip is 10 μm, which provides the angular resolution.
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∼ 0.022 Fig . 3 shows the schematics of the coordinate system of one DMG on the code disc. Based on momentum conservation, the diffraction grating equation can be written as follows:
where θ is the angle of incidence for a wavevector k 0 with respect to the Z-axis, which is the normal of the code disc; ϕ represents the azimuth angle of the incidence plane with respect to the X-axis; and k 0 = 
Optical Modeling
Rectangular Spot:
Typically, a laser diode emits an elliptical beam that requires a beamshaping component to generate a uniform rectangular spot. In this design, the divergence of light emitted from the laser diode has full width at half maximum angles of 45°in the perpendicular axis and 13°in the parallel axis. The main component to generate a rectangular spot on the code disc is a singlet, which has a front aspheric surface for shrinking the radius of the spot to approximately 10 microns and a back cylindrical concave surface for elongating the spot to a length greater than that of a stripe of DMGs. Fig. 4 shows the simulated result. The lens material was set to D-ZLaF75, the refractive index was 1.956, and the transmittance for the 405 nm light source was approximately 89.6%. The lens had a 5 mm clear aperture, and to adopt the structure of a finite conjugate, the effective focal length and thickness were set to 4.15 mm and 3 mm, respectively. The front radius r1 and conic constant k1 were 3.986 mm and −2.146, respectively. The back surface was a planoconcave surface with a radius r2 of 17.5 mm. We obtained a Gaussian beam in the short side, which has a spot size of approximately 10 μm × 200 μm to illuminate a whole stripe of DMGs.
Grating Orientation and ZEMAX Merit Function:
To correctly diffract the spots from the 32 types of DMGs onto the 32 photodiodes on the photodetector, several situations must be considered. First, the position of each photodiode on the detector must be precisely defined. The orientation and period of each DMG on each stripe of the code disc can thus be calculated. Second, the firstdiffraction-order spots on the detector must be situated between the zero-order spot and the position of the closest second orders to avoid unwanted interference, as suggested by Hopp [11] . Third, the overlap angle between each first-order spot must be minimized. The initial orientation and period of each grating can be calculated according to (2) . However, to precisely define the parameters of each DMG, the ZEMAX merit function must be introduced. The ZEMAX implementation of the optical path is illustrated in Fig. 5 , as it appears in the ZEMAX Sequential Component Editor at the end of the optimization procedure. Surface OBJ, with a thickness of 1 mm, and surface 1, with a thickness of 5 mm, represent an object point that is located 6 mm from the laser diode. Surfaces 4, 5, 10, and 13 represent the front aspheric surface of the singlet, the back plano-concave surface of the singlet, the code gratings, and the detection region, respectively. For surface 10, the corresponding lines per micrometer and tilt about the Z-axis are labeled by V, denoting the period and orientation of the grating left as variables for the optimization procedure.
The grating parameters in the ZEMAX environment were calibrated using the custom merit function shown in Fig. 6 , as it appears in the ZEMAX Merit Function Editor at the end of the optimization procedure. Operand 1 (CONF) represents the current configuration number. Operands 2 and 3 (BLANK) denote information relevant to the current configuration. Operands 4 and 5 (REAX and REAY) set the hit position in the X and Y axes of the chief ray on the detection region. Similarly, operands 6 to 9 set constraints on the grating's parameters in another configuration. The overall number of configurations is 32. Fig. 7(a) shows the optical path layouts from the 32 types of gratings with different periods and orientations, which control the diffraction directions of the first orders to hit the 32 corresponding photodiodes on the detector according to the relative distance and directions between the DMG and the targeted photodiodes. The resultant spot distribution of the zero, first, and second orders is shown in Fig. 7(b) . The final periods, orientations and the first order diffraction efficiencies of each DMG are summarized in Table 1 . The 32 DMGs' periods are between 0.5 and 1 μm, while the orientations are between 6 and 45 degrees. In fabrication, these DMGs are patterned on a chrome glass mask. The pattern depth is ∼200 nm. Based on these values, the theoretical efficiencies of the first order diffraction listed in the final column of Table 1 can be calculated using GSolver grating modeling software. Since the diffraction efficiency of each DMG is different, the intensity on the photodiode needs to be normalized for further application.
Subdivision:
The angle position θ is consisted of absolute angle θ a and subdivision value θ s , For our prototype code disc, the gray code layout is for absolute encoding. In most situations, the illumination spot locates between two adjacent encoding stripes and generate eight spots for absolute encoding. Six of the seven DMGs in the two stripes are the same, which can generate six spots with the highest normalized intensities on the corresponding photodiodes. The remaining two spots are not equal and less than their normalized intensities. The distribution of the spot with higher normalized intensity along with the six spots with the highest normalized intensities is used to determine the absolute angle θ a . To further obtain the subdivision value θ s , a sequence of sinusoidal signals is necessary. the four DMGs, S+, S−, C+ and C− as shown in Fig. 2 provide these sinusoidal intensities I S+ , I S− , I C+ and I C− .The signals has a phase difference of π/2 in sequence as shown in Fig. 8(a) . We referred to Wu's method [14] , subdivision value θ s is calculated by the phase shift P as following,
As shown in Fig. 8(b) , one cycle of phase shift corresponds to the tangential width of one stripe. Compared with a conventional optical encoder, our sensor uses a laser diode as the source and requires only four photodiodes to determine the subdivision value. A conventional optical encoder, however, uses a light emitting diode as the source, of which the intensity has a limit, and needs at least four arrays of photodiodes to simultaneously receive transmitted light from the subdivision patterns of a code disc. The four arrays are designed to shift to each other for obtaining the signals to determine the subdivision value. Sine each array further composes of at least eight photodiodes, complex signal processing is required.
Fabrication
The DMG-based disc is made of transparent glass covered with chrome patterns. Fig. 9(a) shows a produced DMG-based disc (diameter: 56 mm), on which DMG patterns are arranged on the circumference. An enlarged micrograph of the red box in Fig. 9(a) is shown in Fig. 9(b) . Each stripe is composed of nine rectangular DMGs. As illustrated in Fig. 2 , the central two are for subdivision encoding, and the remainder for absolute encoding. Fig. 9(c) shows an image of the DMGs further enlarged through atomic force microscopy. The pitch is clearly less than 1 μm. The depth of chrome pattern is 200 nm. Fig. 10(a) depicts the measurement setup for demonstrating the working principle of the DMG encoder. The coherent light source is a 404 nm diode laser (Manufactured by USHIO OPTO, Model: HL40041MG). Shaped by an aspheric lens (Manufactured by CONTROL OPTICS TAIWAN, Glass: D-ZLaF75), a rectangular-like spot (∼14.4 μm × 147.1 μm) is generated (see Fig. 10(b) . As shown in Fig. 10(c) , when a rectangular blue spot illuminates a stripe of DMGs on the code disc, 11 reflected spots on the detector can be detected. Among these 11 spots, 7 are diffractively reflected from the 7 absolute code gratings in a stripe, while the remaining 4 are diffractively reflected from the 2 subdivision encoding gratings. The experimental absolute signals match the simulation results.
It is found that the spots' intervals are not equal and thus some spots are not projected on the predetermined location of the photodiode. Their intensities are also different. These causes could be categorized as design errors and installation errors. There are two sources of design errors. First, the lasing wavelength of laser diode ranges from 398 nm to 410 nm, which shifts the diffraction spots' locations on the photo-detector. Fig. 11(a) shows the distribution of spots from different lasing wavelengths. As the lasing wavelength shifts more from the typical wavelength 404 nm, the center of each spot deviates more from the predetermined location, which is set as the center of each photodiode (see Fig. 11(b) .Second, the real source has an expanded and nonuniform Gaussian distribution, which reduces the uniformity of the illumination rectangular spot. The installation errors include the decentration and tilt of beam-shaping singlet. The singlet is to provide a rectangular spot with a width close to diffraction limit. Therefore, any error easily broadens the width of the rectangular spot. In practice, the installation precision of current setup is needs further improvement. The best rectangular spot measured in our setup is 14.4 μm × 147.1 μm, which is much worse than the design target 10 μm × 200 μm. This installation error further reduces the uniformity of the illumination rectangular spot. When the illumination rectangular spot is not uniform and out-of-size, each DMG in the same stripe receives different intensity, which induces diffraction spots with different intensities. Another installation error comes from the assembly of code disc. Ideally, it is assumed that the angle between the disc and the shaft is 90ࢪ, hence, the angle between the incident illumination spot and the normal to the disc surface remains at 5ࢪfor all rotation angles. Any angular deviation will induce an amplified location shift of the diffraction spot on the photodiode. If the diffraction spots' locations and intensities deviate seriously from the design values, it is going to affect the angular measurement. Consequently, more accurate installation and adequate selection of laser diode is necessary. Since the intensity and distribution of diffraction spots are not as good as expected due to design and installation errors, further improvement of the setup should be performed for further meaningful investigation of absolute and subdivision signals. Currently, the subdivision signals can form 14 bits. Since a conventional geometric rotary encoder can form 12 bits, our prototype represents a fourfold resolution improvement. After signal processing, these optical signals have the potential to be further interpolated to reach an absolute resolution of 18 to 20 bits.
Conclusion
This paper describes the design and fabrication procedures for a DMG-based rotary encoder, which is used to encode angular displacement on a broadband spectrum. The prototype is composed of 16,384 stripes of dot gratings to provide a detection resolution of 0.022°. Each strip is composed of nine rectangular gratings: seven for absolute encoding and two for subdivision encoding. Compared with a conventional geometric rotary encoder, the proposed diffractive encoder has a potential to improve the angular resolution fourfold.
